A B S T R A C T The mode of action of the hypocholesteremic drug neomycin (2 g/day) was studied in four patients. All showed a significant reduction in plasma cholesterol concentrations (mean 25%, range (1), and since then it has been demonstrated that a few other antibacterial drugs have similar properties. Of these kanamycin (2) and paromomycin (3) are similar in structure to neomycin, but chlortetracycline (2), chloramphenicol (4), and para-aminosalicylic acid (2) have markedly different molecular conDr. Sedaghat's present address is:
INTRODUCTION
The effectiveness of orally administered neomycin in decreasing plasma cholesterol levels in man was first observed in 1958 (1) , and since then it has been demonstrated that a few other antibacterial drugs have similar properties. Of these kanamycin (2) and paromomycin (3) are similar in structure to neomycin, but chlortetracycline (2), chloramphenicol (4) , and para-aminosalicylic acid (2) have markedly different molecular conDr. Sedaghat's present address is: Department of Medicine, Pahlavi University, Shiraz, Iran. Received for publication 29 March 1974 and in revised form 11 July 1974.
figurations. The administration of large oral doses of neomycin (12 g daily) has been shown to cause malabsorption (5, 6); small doses (2 g daily), however, reduce plasma cholesterol levels without inducing steatorrhea (7) .
De Somer, Vanderhaeghe, and Eyssen (8) originally suggested that neomycin might act as a bile acid sequestrant, and subsequently Thompson, MacMahon, and Claes, and Thompson, Barrowman, Gutierrez, and Dowling reported in vitro and in vivo (9, 10) data supporting the concept that neomycin precipitates fatty acids, bile acids, and cholesterol out of micellar suspension in small-intestinal contents. Two previous studies have indicated that neomycin causes increased fecal excretion of neutral and acidic steroids (11, 12) , whereas another observed increased bile acid excretion only (13) . In 1968 Samuel, Holtzman, Meilman, and Perl (14) , using isotope kinetic techniques, showed that the administration of neomycin resulted in a decrease in the size of tissue pools of cholesterol.
The present study represents an effort to clarify some of the remaining uncertainties regarding the mode of action of neomycin as a hypocholesteremic drug. Cholesterol absorption was shown to be markedly reduced in the three patients tested, and in four patients sterol balance studies showed a marked increase in fecal neutral steroid excretion. However, it was not possible to distinguish whether this increment was due solely to decreased absorption: increased cholesterol synthesis and increased cholesterol flux from tissues are alternative and additional explanations for the findings. Failure to find a consistent increase in fecal acidic steroids appears to weigh against the idea that neomycin is a bile acid sequestrant in vivo. Analysis of fecal steroids. Fecal neutral and acidic steroids were isolated separately from 4-day pools: their mass and radioactivity were measured by methods developed in this laboratory (20, 22) . Gas-liquid chromatography columns containing HiEff-8B 1% on Gas Chrom Q (Applied Science Labs, Inc., State College, Pa.) were used to determine the individual bile acid components of the fecal bile acids. fi-Sitosterol was used as an internal standard to correct for losses of cholesterol during intestinal transit as well as for variations in fecal flow (23, 24) . Chromic oxide was employed as an internal standard to correct for fecal flow variations in bile acid excretion (25) .
METHODS
Other laboratory data. To monitor possible toxic effects of neomycin on the kidneys and auditory nerves, urinalyses were carried out weekly and audiograms twice weekly. Blood urea nitrogen, serum creatinine, sodium, potassium, bilirubin, serum glutamic oxaloacetic transaminase (SG-OT),1 serum glutamic pyruvic transaminase (SGPT), alkaline phosphatase, lactic dehydrogenase, plasma proteins, hemoglobin, and white cell counts were measured at frequent intervals. Fecal fat excretion (26) was determined in each inpatient during control and neomycin periods.
Experimental design. Patients were maintained on liquid formula feedings throughout their studies on the metabolic ward. Control periods lasted a minimum of 6 wk and were followed by neomycin periods lasting at least 5 wk; neomycin was administered 1 g twice daily. Patients (Table II) . In another experimental series, measurements of the dry weight of stool in patient 2 indicated that the increased stool weight during neomycin admini1Abbreviations used in this paper: SGOT, serum glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase. stration was entirely due to an increase in water content from 72 to 85%, the dry weight of stool remaining stable. There was no steatorrhea in any of these four patients; however, to maintain body weights at constant levels (control level±+1 kg), it was necessary to increase caloric intakes by 2, 7, and 4% in patients 1, 2, and 4.
In patient 3, who complained of persistent watery stools, no significant increase in total daily caloric intake was needed. There were no abnormalities in any of the weekly urinalyses or in the frequent measurements of blood urea nitrogen, creatinine, sodium, potassium, bilirubin, lactate dehydrogenase, SGOT, SGPT, alkaline phosphatase, and plasma proteins, or in hemoglobin, white cell counts, or differentials. Audiograms carried out twice weekly showed no changes.
Intestinal effects of neomycin. Table II shows that during neomycin administration there was complete disappearance of the "secondary" fecal neutral steroids, coprostanol and coprostanone, suggesting that the drug abolished those species of intestinal bacteria responsible for effecting the conversion of cholesterol to these 5P-products. Furthermore, there was an almost complete disappearance of deoxy-and isodeoxycholic (3P,12a-diOH-5P-cholanic) acids from the fecal acidic steroid fractions in all four patients; lithocholic acid disappeared in two patients and was reduced in the other two. The percent and absolute amounts of cholic acid increased in all four patients; chenodeoxycholic acid increased strikingly only in patient 3.
On the other hand, neomycin had no effect on neutral sterol degradation, as indicated by lack of change in the recoveries of 18-sitosterol. Thus, it would appear that whatever intestinal bacteria are responsible for the degradation of neutral steroids in the course of their transit through the intestinal canal (23, 24) were not affected by neomycin in these patients, whereas those bacteria that converted cholesterol to coprostanol, and cholic to deoxycholic, were strikingly altered (either in numbers or in enzyme activities). Table III . Transitional periods immediately after the institution of neomycin dosage, during which plasma cholesterol levels fell to new and lower plateaus, were uniformly excluded in these calculations. Fig. 1 shows that plasma cholesterol levels decreased rapidly in all four inpatients. The mean decrease was 25% with a range of 18-31%, and the maximum decrease was achieved within 2 wk. As indicated in Table  III , plasma glycerides decreased significantly only in patient 3, one of three patients in this series who had hyperglyceridemia; in him there was a 26% decrease in glycerides.
The temporary increase in bile acid excretion in patients 2 and 4 is seen in Fig. 1 , as well as the return to control levels after 1 wk. On the other hand, neutral sterol excretion increased significantly in all four patients, and the higher excretion levels were maintained throughout the neomycin period. The mean increase was 345 mg/day, with a range of 323-361 mg/day.
Changes induced by neomycin in sterol balance are shown in Fig. 1 (14) . Thus, in the neomycin period, the cholesterol balance represents the difference between intake and the sum of cholesterol synthesis plus cholesterol efflux from tissue stores. During neomycin administration the sterol balance became significantly more negative in all four patients, reaching a new mean of 960 mg/day (range 762-1,179).
Cholesterol absorption. have usually induced diarrhea but they failed to alter plasma cholesterol levels (2, 4). We therefore conclude that diarrhea per se has little or no persistent effect on sterol metabolism or on plasma cholesterol levels.
Mechanism of decrease in cholesterol absorption
Our results show that oral neomycin results in a significant decrease in cholesterol absorption. Any of three mechanisms can be invoked.
Neomycin as sequestrant. DeSomer and colleagues (8) were the first to observe that in the test tube, neomycin precipitates bile acids out of solution. Eyssen, Evrard, and Vanderhaeghe (31) suggested that the hypocholesteremic effect of neomycin might be due to the formation of insoluble aggregations of bile acids with the polybasic antibiotics in the intestinal lumen, and that neomycin was acting like cholestyramine as a bile acid sequestrant. Van den Bosch and Claes (32) demonstrated in vitro precipitation of deoxycholate by neomycin at a pH of 6.3, and these observations were confirmed and extended by Thompson and colleagues (9), who did in vitro studies with bile acid micelles. Faloon et al. (33) showed that neomycin precipitated bile acids out of human bile in vitro, and Thompson et al. (10) demonstrated that neomycin decreased the fatty acid and bile acid content of micelles in the human intestinal lumen. However, Hardison and Rosenberg (34) obtained different results: they found that during neomycin administration in three patients, bile salt and fatty acid concentrations in the duodenal micellar phase were not reduced.
If the hypocholesteremic action of neomycin is due to decreased cholesterol absorption secondary to bile acid sequestration, daily fecal bile acid excretion might be expected to increase during neomycin therapy. Indeed, Goldsmith, Hamilton, and Miller (13), Powell. Nunes, Harding, and Vacca (11), and Faloon, Rubulis, and Rubert (12) reported that fecal bile acid excretion was increased in patients treated with neomycin. Our studies do not agree with the above: in three of four patients given neomycin for 5-15 wk there was no difference in bile acid excretion between neomycin and control periods, and in the remaining patient the increase in bile acid output was only 97 mg/day. However, in two patients there was a striking rise in bile acid excretion during the 1st wk of neomycin dosage; thereafter, the excretion rates returned to base-line control levels. Miettinen (35) very recently reported results similar to our own: decreased cholesterol absorption and increased fecal neutral steroid excretion.
These findings appear to indicate that neomycin, given orally in a dose of 2 g daily, is not an effective bile acid-sequestering agent and that its mode of action as a hypocholesteremic drug is different from that of cholestyramine. However, we cannot exclude the possibility that neomycin sequesters bile acids and hinders normal micelle formation in the upper small intestine where cholesterol absorption is maximal, but that the aggregates dissociate in the ileum, thus allowing bile acids to remain in the enterohepatic circulation and to escape excretion in feces. Indeed, Thompson et al. (9) found that neomycin binding of micellar bile acids was reversible and that precipitated taurocholate readily redissolved in buffer solution. We know of no direct evidence on this occurrence in vivo.
Toxic action on mucosa. absorption in seven patients on 2 g/day doses failed to demonstrate steatorrhea in a single case (7) and even though we showed in the present study that none of our four inpatients had steatorrhea, it was clearly evident that bowel habits were affected: three of four patients had large increases in daily stool weights even after an 8-day adaptation period, and stool frequency increased regularly and persistently in these formula-fed patients.
Since we did not perform intestinal mucosa biopsies, we cannot deny that morphological changes might have occurred. However, the absence of such findings would not necessarily rule out the possibility that the minute amounts of neomycin absorbed by the intestine (2) may interfere with one or another biochemical step in the transfer of cholesterol from the brush border (as free cholesterol) to the lymphatics largely as the oleate ester [37] ).
Change in bacterial flora. The administration of oral neomycin has profound effects on the bacterial flora of the intestine (11, 38) , and it is well known that this agent is hypocholesteremic only when administered by mouth (2) . Is it possible that the drug decreases cholesterol absorption by some effect on the intestinal flora? The oral administration of 2 g neomycin daily resulted in the virtual disappearance of the secondary bile acid, deoxycholic acid, from the feces of the four inpatients, and in two there was a significant reduction in excretion of lithocholic acid. We presume that the bacteria that elaborate 7a-dehydroxylase were inhibited in their growth: indeed, Samuel, Holtzman, Meilman, and Sekowski (4) have shown a direct relationship between plasma cholesterol levels and the in vitro 7a-dehydroxylation of bile acids by fecal bacteria in patients treated with neomycin (and other antibiotics). In those pa-tients who had no decrease in plasma cholesterol on these antibiotics, fecal 7a-dehydroxylation was not inhibited.
Whether the degree of enrichment of intestinal luminal contents with deoxycholate has a direct effect on cholesterol absorption or an indirect effect through some action of its own on mucosal cell function remains conjectural; some of the numerous possibilities are discussed in Heaton's monograph (39) and in a report on bile acid diarrhea by Hofmann and Poley (40) .
Interpretation of sterol balance data During neomycin therapy there was a significant increase in the total fecal sterol excretion in all four patients. In the paragraphs below we will seek to distinguish whether this increased excretion was due to redistribution of cholesterol from plasma to feces, de Thus, although all three patients absorbed significantly less dietary cholesterol during neomycin dosage, it is evident that the increments in fecal neutral steroid outputs cannot be explained solely on this basis. However, these calculations neglect the probability that the absorption of cholesterol of endogenous origin was also interfered with by neomycin. Indeed, that part of the increment in fecal neutral steroid excretion referred to as "unaccounted for" in the preceding paragraph could conceivably represent increases in unabsorbed endogenous cholesterol. However, at present we have no way to compare the absorption of endogenous vs. exogenous cholesterol, nor do we measure the rate of input of endogenous cholesterol into the intestinal lumen. Thus, it is impossible (with balance data alone) to resolve the question whether the entire increment in fecal neutral steroid excretion during neomycin administration is due solely to decreased absorption of cholesterol (exogenous plus endogenous). However, some light is shed on the matter by consideration of specific activity-decay curves after intravenous administration of labeled cholesterol; such consideration leads us to discard cholesterol malabsorption as a single factor explaining the experimental results, and to question whether the unaccounted-for increments can be ascribed to increased cholesterol synthesis, or to flux of cholesterol from tissue stores, or both.
Increased synthesis or flux, or both. Resolutions of the dilemma we have posed have been sought, in the past, through interpretations of changes in slope of specific activity-time curves after intravenous administration of labeled cholesterol: a steepening of slope on institution of a new regimen has been considered to reflect increased synthesis, a flattening to represent decreased synthesis. Although workers in this laboratory have placed some reliance on these slope-changes in published studies of the mechanism of action of unsaturated dietary fats (42), fi-sitosterol (43) , cholestyramine (44) , and clofibrate (45), we have always taken the position that this practice is defensible only in those situations when independent evidence can be produced to support the interpretation.
In patients 2, 3, and 4 we found no change in slope of plasma cholesterol decay curves on instituting neomycin (Fig. 2) , either with curve fitting by eye or by computer; yet independent tests showed decreased absorption of dietary cholesterol (and presumably also of endogenous cholesterol). Decreaszd absorption of unlabeled cholesterol would be expected to cause a flattened slope, and this was not observed. This would seem to rule out the possibility that the entire increase in fecal Likewise, if cholesterol more richly labeled in tissues than in plasma were mobilized into the plasma compartment, a flattening of slope would be expected (46) . But this change would be hidden if simultaneously there were increased synthesis secondary to decreased absorption.
The possibility could be considered that some damage to mucosal cells occurs with the low doses we have been studying (though the damage has not been recognized), and that this leads to an increased turnover of mucosal cells and exudation of cholesterol newly synthesized in these cells into the gut lumen. This possibility was examined in patient 2, subsequent to the completion of the studies reported in this paper. While ingesting a cholesterol-free diet, he was relabeled with a single intravenous dose of radioactive cholesterol, and the specific activities of plasma cholesterol were compared to those of the fecal neutral steroids (exclusive of plant sterols). The two sets of specific activity data compared extremely closely before and after the reinstitution of neomycin therapy. This suggests that there was no significant input of unlabeled cholesterol into the gut lumen from the hypothetically damaged mucosa, for in that case (as we have previously demonstrated [44] when cholestyramine is administered) the specific activities of fecal neutral steroids would have been significantly lower than that of plasma cholesterol. (These data do not rule out an increased transudation of labeled plasma cholesterol through the hypothetically damaged mucosa into the gut lumen).
These uncertainties prevent our reaching a firm conclusion from the present data whether the increment in fecal steroid output on neomycin was due to increased synthesis, to flux of cholesterol from tissues, to decreased absorption, or to all three factors. What is needed to resolve this dilemma is a measure of cholesterol synthesis that is valid in the unsteady state; although work is in progress in this laboratory on such a method (47), we were not prepared to apply this new approach to the above problem at the time the present studies were undertaken.
